The objective of this study was to develop long-acting injectable dosage forms of Orntide, a peptide GnRH antagonist, to provide tailored release for 6-month duration. Using a polylactide homopolymer and the solvent extraction/evaporation method, three microsphere formulations (Formulations A, B, and C) were prepared at various drug loadings (11.85-15.79%). The microspheres were characterized for particle size by laser diffractometry, surface morphology by scanning electron microscopy (SEM), and bulk density by tapping, as well as long-term in vitro drug release, mass loss and hydration at 37 ∘ C, and short-term in vitro drug release at elevated temperatures (51-59 ∘ C). Experiments at 37 ∘ C revealed that drug release was triphasic and occurred due to slow degradation of the polylactide polymer. Short-term in vitro release results indicated that drug release was diffusional. Application of the Higuchi equation to short-term release confirmed the temperature dependency of the diffusional rate constant. Using the rate constant and the Arrhenius equation, an value of 45 kcal/mol (Formulation A) and approximately 25 kcal/mol (Formulations B and C) was obtained for diffusional release. Study results suggest that by selection of an appropriate biodegradable polymer, injectable dosing forms that release drug for 6 months or longer can be developed.
Introduction
Several reports document the challenges faced by pharmaceutical researchers in the area of drug delivery of large molecules [1] [2] [3] [4] [5] . Undoubtedly, administration of large molecules like peptides and proteins in vivo is fraught with obstacles. Unlike most small molecules, peptides and proteins show poor oral absorption and bioavailability due to their large molecular weight and rapid degradation in the gastrointestinal (GI) tract [6] . Choosing an alternate route of administration (e.g., parenteral, nasal) to deliver these types of large molecules does not provide significant advantages over oral administration due to the fact that they are rapidly degraded in body fluids, resulting in a short-half life in vivo [7] . Since proteins and peptides are generally considered to be highly potent molecules requiring administration of small therapeutic doses, a frequent dosing regimen is needed to maintain constant and continuous blood levels over a period of time. Such type of dosing is neither suitable nor ideal and often results in nonadherence to therapy, patient compliance issues, and increased costs [8] .
Peptide therapeutics like GnRH (gonadotropin receptor hormone) analogs have been a mainstay in the treatment of prostate cancer. Leuprolide, Triptorelin, Nafarelin, and so forth are examples of peptides that have been clinically used with a great degree of success [9] . Due to their high affinity towards GnRH receptors, administration of these synthetic peptides, also known as GnRH agonists, causes an initial stimulation of pituitary luteinizing hormone (LH) and follicle-stimulating hormone (FSH) secretion, which is followed by a sharp drop in the secretion of these hormones. The decreased secretion/inhibition of LH and FSH (medical or chemical castration) is desirable in the treatment of sex hormone dependent diseases like prostate cancer [10] . Thus, treatment with GnRH agonists offers various benefits as these synthetic analogs exhibit higher potency, affinity, and an improved half-life over native physiological GnRH. Clinically, however, administration of GnRH agonists leads to a well-documented side effect (testosterone flare) that is a consequence of the initial stimulation in pituitary LH [11] . Studies have shown that upon long-term treatment with GnRH agonists, the sharp spike in serum testosterone persisted up to 7 days in rats and 4 weeks in humans and could be correlated with an increase in tumor growth and worsening of symptoms in patients [12, 13] . Hence, researchers began to explore a new class of peptide GnRH analogs (antagonists) that could suppress the GnRH receptors while preventing the hormonal response frequently observed with GnRH agonists [14, 15] .
Orntide acetate is a potent novel GnRH antagonist that has shown great potential in treatment of prostate cancer and precocious puberty [16] . As an antagonist, Orntide is able to competitively block GnRH receptors and induce chemical castration without producing the initial testosterone flare that is a characteristic of GnRH agonists. Therefore, administration of Orntide eliminates the testosterone surge, reduces associated side effects, and ensures an improvement in the quality of life of patients on GnRH analog therapy [17] . However, similar to other GnRH analogs, Orntide has a short biological half-life, requiring frequent injections to initiate and maintain testosterone suppression [18] .
One approach to initiating and sustaining in vivo levels of GnRH antagonists like Orntide can be through the use of polymeric excipients as carriers of the peptide. Indeed, this strategy has been successfully adopted with some of the earliest marketed dosage forms of GnRH agonists (e.g., Leuprolide) that released drug for 1, 3, or 4 months [19, 20] . Of the several polymeric excipients suitable for parenteral use, the polyester class of polymers has been extensively studied and most widely used. The polylactic (PLA) and polyglycolic (PGA) acid classes of polymers, along with their copolymers, poly(lactide-co-glycolide) (PLGA), are undeniably the most common excipients used to formulate small and large molecule drugs as they offer the possibility of sustaining drug release and enhancement of bioavailability and protect the encapsulated molecule from in vivo degradation [21, 22] . Selecting a PLA, PGA, or PLGA polymer to formulate a peptidic drug delivery system provides several advantages, especially since this class of polymers has long been approved by the US Food and Drug Administration (FDA) for use in humans. In addition to low immunogenicity and low toxicity, these polymers are biodegradable and biocompatible, have a well-known and extensive safety profile, and are cleared in vivo by the Krebs cycle. Unsurprisingly, they are often the polymers most utilized to develop drug delivery systems like implants, nanospheres, or microspheres, designed to provide sustained release of small molecules and biologics intramuscularly or subcutaneously [23] [24] [25] [26] [27] .
Another reason for the increasing use of PLA and PLGA polymers as excipients is that several properties can be altered to tailor drug release rate and maintain in vivo therapeutic levels for varying durations. For instance, studies have shown that the time taken for complete biodegradation of the polymer increases with increasing molecular weight, thereby increasing its in vivo residence time (i.e., increased duration of action) [28, 29] . Similarly, by altering the ratio of lactide or glycolide in a PLGA copolymer, a wide range of degradation rates can be obtained. As an example, a 90 : 10 lactide : glycolide copolymer degrades more slowly than a 65 : 35 or 50 : 50 PLGA copolymer. This is because an increase in the more hydrophobic lactide moiety ensures a slower degradation rate of the PLGA polymer leading to extended duration of drug release [30] [31] [32] . Thus, the PLA homopolymer degrades much slower than a PGA homopolymer or PLGA copolymer.
From literature, it is well known that PLGA copolymers have been the excipients of choice to encapsulate GnRH agonists and antagonists that are used to treat prostate cancer [33] [34] [35] [36] . However, several reports noted that therapy for 1-4 months was less than ideal, leading to the development and eventual approval of a dosage form that released the GnRH agonist (Leuprolide) for 6 months [37, 38] . In line with recent recommendations for the treatment of prostate cancer and in a manner similar to the findings noted with GnRH agonist therapy, extending Orntide release for 6 months would reduce the frequency of dosing and improve patient compliance [39, 40] . Hence, the goal of the current study was to develop and investigate the suitability of a PLA polymer towards providing tailored release of Orntide for a period of 6 months. Several characterization studies involving assessment of drug content by HPLC, particle size by laser diffractometry, surface morphology by scanning electron microscopy (SEM), mass loss by gravimetry, and in vitro drug release profiles at real-time and elevated conditions were performed on three PLA microsphere formulations containing Orntide.
Materials and Methods

Materials. Orntide acetate was supplied by California
Peptide Research, Inc. (Napa, CA), and was 99% pure. Polylactide (PLA) polymer R202H was purchased from Boehringer Ingelheim. All solvents and other chemicals were of analytical grade.
Preparation of Microspheres.
Three batches of Orntide microspheres were prepared by a solvent extraction/evaporation method and recovered by filtration [33] . Briefly, a solution of peptide in methanol was combined with a solution of PLA in methylene chloride and stirred until clear. The solution was then slowly injected into an aqueous continuous phase under stirring with a Silverson L4R mixer (Silverson machines, MA, USA) at a predetermined speed. Subsequently, the solvents were removed by stirring after which the microspheres were recovered by filtration, suspended in a suitable vehicle, filled into vials, and freeze-dried. The residual solvent levels were below ICH limits of 600 ppm. [41] . Drug content (%) was expressed as the "weight of drug in microspheres/weight of microspheres ×100. "
Characterization of
Particle Size.
Particle size distribution of the microspheres prior to vialing was determined using a laser diffraction technique (Malvern 2600c Particle Sizer, Malvern, UK). The particles were suspended in 0.05% Tween 80 and counted using a laser sensor. The average particle size was expressed as volume mean diameter in microns ( m).
Bulk Density.
The dry microspheres were quantitatively transferred to a graduated test tube. The test tube was subsequently tapped 50 times from a vertical distance of approximately 0.5 inches and the occupied volume was recorded [8] . The tapping process was repeated until the volume occupied by particles remained unchanged. The final volume was recorded as bulk volume, , and the tapped bulk density (g/cc) was calculated as / , where " " was the weight of microspheres employed.
In Vitro Release at 37
∘ C. Long-term in vitro release (37 ∘ C) was performed using a modified dialysis method [41, 42] . Briefly, Orntide PLA microspheres were accurately weighed and placed in a 7 mL dialysis tube (Tube-O-Dialyzer, MWCO 300,000 Da) filled with 0.1 M Acetate buffer, pH 4.0, containing 0.1% sodium azide (inner media), which in turn was placed in a 50 mL tube containing 40 mL of the same release medium (outer media). The contents of the outer media were continuously stirred with a magnetic stirrer to prevent formation of an unstirred water layer at the outer dialyzing surface. At predetermined intervals, 1.0 mL samples was withdrawn from the outer media followed by buffer replacement with fresh buffer and HPLC analysis of peptide from the sampled outer medium.
In Vitro Release at Elevated
Temperatures. Short-term (accelerated) in vitro release was performed by incubating an accurately weighed sample of Orntide PLA microspheres in 10 mL of 0.1 M acetate buffer (pH 4.0) containing 0.5% polyvinyl alcohol (PVA) at temperatures above 50 ∘ C. Sampling from the supernatant was carried out at specified intervals, after centrifugation at 3000 rpm for 10 min.
Degree of Hydration and Mass
Loss. Hydration and mass loss experiments were performed at 37 ∘ C. At predetermined time points, microspheres were recovered from the release medium and the wet mass was recorded ( ). The wet mass was dried for 48 hours under vacuum at room temperature and reweighed ( ). The degree of hydration and mass loss was calculated as follows:
Degree of Hydration = ( − ) × 100,
where = initial mass. ∘ C are presented in Figure 1 . From the figure, a very low initial burst (less than 3% by day 1) was observed for all the formulations. After the initial burst, drug release continued slowly to reach approximately 10% in 15 days. This slow release behavior was maintained through day 60, where drug release was a modest 20-28%. From day 60 to day 90, release rate had increased to deliver nearly 35-45% of the drug from the microspheres to the outer medium. This trend continued through day 120, where nearly 75-85% release was noted. Subsequently, the release rate of Orntide slowed slightly and complete release was achieved by day 180 (6 months). Overall, the three formulations released drug in a similar fashion.
Results and Discussion
Characterization of Microspheres.
The data from Figure 1 provides an interesting insight into the mechanism of Orntide release from PLA microspheres. Indeed, the results from Figure 1 illustrate a drug release profile that is categorized as triphasic (sigmoidal) and has been observed previously with PLGA microspheres [42] . The three components of a triphasic release profile include initial burst, diffusional release, and erosional release. Initial burst occurs when drug that is loosely bound to the polymer surface or internal pores is easily leached and undergoes dissolution to enter the release media. This phase of drug release does not occur with drug that is encapsulated inside the polymer. After the initial burst release of drug, the next phase involves dissolution of drug incorporated inside the polymer matrix and its transport (diffusion) to the release medium. This phase of drug release occurs when the polymer is being hydrated by the release media or body fluids and is typically characterized by low drug release rates. Continued polymer hydration leads to a phenomenon known as bulk hydrolysis of the ester bonds in PLA or PLGA and entails rapid polymer degradation, erosion, and loss of polymer mass leading to the final phase of drug release known as erosional release [43] . As such, due to the chemical nature of the polymer, drug release rates during the hydrolytic degradation phase (erosional phase) are typically much faster than those observed during the diffusional phase. From Figure 1 , a low initial burst was observed at day 1, with diffusional release through day 60, after which erosional release ensued and continued through day 180.
Degree of Hydration.
Water incursion into the PLA polymer leads to a series of events, including drug release, hydration, and mass loss. Figure 2 shows the hydration data for the Orntide PLA microspheres. Orntide is a water-soluble peptide, while PLA is a water-insoluble polymer. The data in Figure 2 indicate that the polymer matrix was well hydrated by day 15, corresponding to the diffusional release phase of the microspheres. The degree of hydration for Formulations B and C appeared to be similar, while Formulation A lagged slightly. In general, hydration values from day 15 to day 60 ranged between 0.75 and 1.00 and were similar, indicating that the polymer was continuing to imbibe water and slowly release drug during the diffusional phase of release. By day 90, hydration values had dropped to 0.50, almost half of that observed at day 15. From Figure 1 , this corresponds with the erosional phase of drug release. During this phase, the polymer chains undergo rapid and autocatalytic bulk hydrolysis leading to breakdown of ester bonds and formation of smaller chain fragments. The hydration data at day 120 suggest that the polymer is no longer imbibing water as rapidly as during the diffusional phase; rather, the polymer chains are sufficiently hydrated ensuring rapid ester bond hydrolysis. By day 180, hydration values ranged between 0.84 and 1.45, indicating that along with complete drug release due to polymer erosion, the remnant polymer fragments in the matrix were more hydrophilic than the original PLA.
Mass Loss.
The amount of mass remaining in the Orntide PLA microspheres as a function of time is presented in Figure 3 . In general, the mass loss profiles for the three formulations were similar. At the 15-day time point, mass loss was approximately 15-20% and rose steadily to about 35% by day 60. Thus, the cumulative mass loss during the initial burst and diffusional phases of drug release was 34%. Subsequently, data at day 120 suggest that more than half the mass of the polymer matrix was lost due to polymer degradation and drug release. By day 180, when drug release was complete, only 20-30% of the polymer mass remained. Figure 4 shows the scanning electron micrographs (SEM) of Formulation C at days 0 and 180. Microspheres of Formulation C were spherical in the range of 13-18 m, with a mean diameter of approximately 15.9 m. The outer surface of the microspheres was relatively smooth with a few small nonuniform pores of varying sizes (Figure 4(a) ). The intact microspheres fractured with some difficulty showing a porous interior (Figure 4(b) ). By day 180, when release was complete and only 20-30% mass remained, the remnant polymer matrix fragments existed as smaller sized particles, several of them which were non-spherical and porous (Figure 4(c) ). Thus, the SEM images corroborate the mass loss data (Figure 3) . Figures 1 to 4 confirms the triphasic drug release mechanism from Orntide PLA microspheres. The low initial burst values suggest that most of the drug was encapsulated into the polymer matrix, rather than the outer surface or readily accessible pores. This fact is easily explained by long-term in vitro release profile of the formulations, where drug release was well controlled by the polymer for a period of over 6 months. The steady diffusional phase of release, a consequence of polymer hydration, can be explained by correlating the hydration data (Figure 2 ) with the scanning electron micrograph (Figures  4(a) and 4(b) ). Given that a porous network was observed on the outer and inner surface of the microspheres, there are few barriers for water incursion into the polymer as well as drug release from the polymer to the outer sink. This explains the rapid and consistent hydration data ( Figure 2 ) and drug release (Figure 1 ) during the diffusional phase. Another consequence of the porous nature of the microspheres is the ease of access to the polymer chains, allowing water molecules to initiate hydrolytic degradation of the ester bonds in the polyester based polymer. Breakdown of the polymer chains leads to formation of acidic functionalities inside the polymer, some of which are responsible for autocatalysis that is a characteristic of the erosional phase of drug release. Indeed, the mass loss data (Figure 3) suggest that the porous microspheres were rapidly hydrated leading to drug release and polymer breakdown in a steady fashion. Figures 5-7 show the results of short-term (accelerated) release at 51 ∘ C, 55 ∘ C, and 59 ∘ C, respectively, for Formulations A-C. At first glance, the plots in Figures 5-7 appear biphasic, different from the long-term release profile detailed in Figure 1 . Further, the plots show a clear temperature dependency (Figure 8) .
Correlating Long-Term In Vitro Release with Mass Loss and Hydration. A comparison of the data from
Accelerated In Vitro Release Experiments.
At 51 ∘ C, the microspheres show an initial burst followed by steady diffusional phase of drug release ( Figure 5 ). However, drug release rate appears to slow down and plateau after day 2 through day 9, after which the short-term study was terminated. Mass balance of the microspheres at day 9 revealed that the unreleased drug was entrapped inside the microspheres (data not shown). Increasing the temperature to 55
∘ C resulted in a biphasic profile similar to that observed at 51 ∘ C, except that the plateau occurred after 50-60% drug release had occurred ( Figure 6 ). Once again, mass balance results confirmed that the remaining drug was present inside the polymer matrix (data not shown). Further elevation of the temperature to 59 ∘ C (Figure 7) showed a biphasic profile similar to 51 ∘ C and 55 ∘ C, except that complete release was achieved by day 4. The effect of temperature on the drug release rate and profile for Formulation C is shown in Figure 8 . As noted earlier, similar biphasic profiles were observed at the three elevated temperatures investigated, with a plateau observed at the two lower temperatures.
The biphasic short-term drug release profiles from Figures 5-8 indicated a change in release mechanism at the elevated temperatures. Indeed, the profiles suggested that drug release occurred predominantly by diffusion, not erosion, and is evidenced by the similar nature in release behavior at all the temperatures studied. This change in release mechanism was unexpected and varied from previous reports from our group where short-term release profiles correlated well with long-term drug release behavior, with no change in release mechanisms [44] [45] [46] . Additional experiments will be required to investigate and understand the findings of the short-term release behavior of Orntide PLA microspheres. Nevertheless, Figures 5-7 clearly show that short-term release at the elevated temperatures occurred by diffusion of drug from the polymer matrix to the outer sink. Analysis of the release profiles by applying the Higuchi equation revealed an excellent goodness of fit ( 2 between 0.95 and 0.99) for all the formulations at all the temperatures evaluated, confirming that short-term drug release occurred by diffusion (Figures 9, 10, and 11 ). Indeed, a linear relationship between drug release and the square root of time is a distinct Advances in Pharmaceutics characteristic of drug delivery systems that follow diffusional release [47] and can be described by the following equation:
where " " = cumulative drug release at time " " and " " = rate constant = slope of the line obtained by plotting cumulative drug release against the square of time (Figures 9-11 ).
Values of were dependent on temperature and ranged from 10 to 20, 25 to 30, and 45 to 55% release/day 1/2 at 51 ∘ C, 55 ∘ C, and 59 ∘ C, respectively. Since drug release at the elevated temperatures showed a clear temperature dependency, the energetics of diffusional release was calculated using the Arrhenius equation, as previously reported [45] . The Arrhenius equation describes the relationship between activation energy ( ), absolute temperature ( ), and the specific rate constant ( ) at that temperature.
where " " is a constant and " " is the universal gas constant (1.987 cal/mol). Figure 12 and Table 2 show the results of Arrhenius treatment for the three Orntide PLA formulations. From Figure 12 , a linear relationship was obtained when the natural logarithm of was plotted against the inverse absolute temperature ( ). Using the Arrhenius equation, the energy of activation for the diffusional phase of release was calculated to be approx 43 kcal/mol for Formulation A and around [46] . The lower values for Formulations B and C also indicate that for drug release from the slow degrading PLA polymer is greater than the faster degrading PLGA polymer. Additionally, the lower values suggest that diffusional processes in microspheres having a high drug to polymer ratio (Formulations B and C) are faster than those where the drug loading is lower (Formulation A). Thus, the high value for Formulation A containing a lower concentration of peptide molecules in the polymer matrix was not surprising as the energetics for the peptide molecules to diffuse through the PLA polymer would be greater.
Overall, the results of the current study suggest that by proper selection of a polyester polymer like PLA, drug release can be tailored to extend up to a period of 6 months or longer. Indeed, the PLA polymer with its low hydration and erosion rates is a suitable excipient to encapsulate Orntide, a watersoluble GnRH antagonist, and deliver sustained drug levels. From the perspective of a clinician and patient, such type of a dosage form will serve to reduce the frequency of dosing and enhance adherence to prostate cancer therapy leading to better healthcare outcomes.
Conclusions
Administration of a long-acting injectable dosage form of a peptide GnRH antagonist is an excellent approach to obtain sustained drug levels over an extended interval. In the current study, three formulations of Orntide, a GnRH antagonist, were prepared by encapsulation of the peptide into the slow degrading PLA polymer with the objective of providing clinicians an alternate treatment option for prostate cancer patients who may require extended therapy. Longterm in vitro drug release studies revealed that the Orntide PLA formulations would be suitable for 6-month dosing, indicating the suitability of using the slow degrading PLA homopolymer to allow for drug release over a prolonged interval. Thus, proper selection of biodegradable polyester polymer will provide the pharmaceutical scientist the ability to deliver poorly bioavailable peptide drugs as well as design drug delivery systems that are clinically relevant. Further, such an approach will allow for a decrease in the frequency of dosing and improve adherence to therapy in prostate cancer patients.
